floodplain meadows. We show that hay-transfer maintains genetic diversity for both species. 21
Additionally, in A. sagittata, transfer from multiple genetically isolated pristine sites resulted in 22 restored sites with increased diversity and admixed local genotypes. In A. nemorensis, transfer 23 did not create novel admixture dynamics because genetic diversity between pristine sites was 24 less differentiated. Thus, the effects of hay-transfer on genetic diversity also depend on the 25 genetic makeup of the donor communities of each species, especially when material is mixed. 26
Our results demonstrate the efficiency of hay-transfer for habitat restoration and emphasize the 27 importance of pre-restoration characterization of micro-geographic patterns of intraspecific 28 diversity of the community to guarantee that restoration practices reach their goal, i.e. 29 maximize the adaptive potential of the entire restored plant community. Overseeing these 30 patterns may differentially alter the adaptive potential of species present, thereby altering the 31 balance between species in the community. Additionally, our comparison of summary statistics 32 Introduction 39 Habitat degradation is an ever growing problem in our modern world, causing unprecedented 40 loss of biodiversity and essential ecosystem services (Baillie, Hilton-Taylor, & Stuart, 2004) . 41
Thus, there is a growing demand for ecological restoration, i.e. measures assisting the recovery 42 of ecosystems that have been degraded, damaged or destroyed (Society for Ecological 43
Restoration International Science & Policy Working Group, 2004) . However, ecological 44 restoration is a difficult process rarely leading to full ecosystem recovery (Benayas, Newton, 45 Diaz, & Bullock, 2009 ). Thus, the young field of restoration ecology, which studies ecological 46 processes in the light of restoration, is vital to improve restoration practices (Bullock, Aronson, 47 Newton, Pywell, & Rey-Benayas, 2011; Roberts, Stone, & Sugden, 2009; Suding, 2011) . 48
One of the main goals of ecological restoration is the recovery of biodiversity, including both 49 species richness and intraspecific genetic diversity (henceforth called genetic diversity). Genetic 50 diversity has generally positive effects on ecosystems (reviewed in Hughes, Inouye, Johnson, 51
Underwood, & Vellend, 2008). For example, experimentally increasing the genetic diversity of 52 Solidago altissima increased primary above-ground biomass productivity and arthropod 53 diversity (Crutsinger et al., 2006) . Genetic diversity also boosts resistance of populations to 54 invasion and environmental fluctuations, presumably because it enhances the adaptive 55 potential of populations (Reed & Frankham, 2003; Vrijenhoek, 1994) . For example, high 56 diversity experimental Arabidopsis thaliana populations showed higher resistance against 57 invasion by Senecio vulgaris than low diversity populations (Scheepens, Rauschkolb, Ziegler, 58 Schroth, & Bossdorf, 2017). Moreover, Zoestra marina populations with higher genetic diversity 59 an entire community without altering the genetic composition of populations and thus is the 81 best method available for restoring entire ecosystems (Hölzel & Otte, 2003; Kiehl, Kirmer, 82 Donath, Rasran, & Hölzel, 2010) . So far, however, there is no empirical support for the efficiency 83 of this practice (Bucharova et al., 2017) , especially since many species maintain seed banks in 84 the soil. Indeed, the genetic diversity specific to the seed bank will not be sampled with the hay, 85
although it is known that it can contribute significantly to the maintenance of diversity (Tellier, 86 Laurent, Lainer, Pavlidis, & Stephan, 2011). 87
The field of restoration genetics has witnessed a major technological shift over recent years. 88
Restoration genetics studies have initially relied on microsatellites and AFLP markers and thus 89 provided a limited overview on patterns of genetic variation within and between restored or 90 pristine populations (reviewed in Mijangos et al., 2015) . Now, genotyping-by-sequencing (GBS) 91 methods are beginning to be more broadly adopted (Gruenthal et Martindale, & Shank, 2013). In principle, GBS approaches have a third major advantage: they 101 are well suited to unravel genetic diversity in non-model species without prior genomic 102
information. Yet, the accuracy of genotyping in the absence of a reliable reference genome has 103 been questioned (Shafer et al., 2016) . Since target species in restoration projects rarely coincide 104 with species or genera with advanced prior genomic knowledge, it is important to assess 105 whenever possible, whether conclusions from RAD-seq-based restoration genetics studies 106 depend on the availability of a reference genome. 107
Flood-plain meadows are species-rich ecosystems, accommodating many endangered and 108 stenoecious species adapted to the variable moisture regime. Due to increased agricultural 109 land-use and river regulation a large proportion of flood-plain ecosystems are degraded and 110 have become a target for ecological restoration. Here, we use RAD-seq to evaluate whether 111 genetic diversity is maintained in flood-plain meadows restored by hay-transfer in the Upper 112 Rhine valley in Germany (Hölzel & Otte, 2003 , Donath, Bissels, Hölzel, & Otte, 2007 . We 113 focused on Arabis nemorensis, a stenoecious species typically restricted to flood-plain 114 meadows, and thus strongly endangered in Central Europe (Schnittler & Günther, 1999) . A. 115 nemorensis is a short-lived, mostly biennial hemicryptophyte that is known to maintain a long-116 lived soil seed bank (Hölzel & Otte, 2004) . It is part of the Arabis hirsuta species aggregate, 117 which comprises several morphologically similar but ecologically diverse species, which diverged 118 about 1.2 million years ago (Karl & Koch, 2014) . 119
We performed RAD-seq for over 130 plants collected across pristine and restored sites. This 120 dataset allows us to ask the following questions: i) what is the level of genetic diversity and 121 structuration of the pristine sites that served as source populations for restoration? ii) do 122 restored sites show a lower level of genetic diversity than the pristine sites? iii) how did 123 restoration affect the distribution of diversity within and among restored sites? iv) is the use of 124 a reference genome necessary to reliably characterize the impact of restoration on genetic 125 diversity? This work demonstrates that a thorough genetic analysis of source and restored sites 126 reveals the complex dynamics at stake in the restoration process. Through genetic analysis, we 127 reveal the unanticipated co-occurrence of A. nemorensis with A. sagittata, a morphologically 128 similar and closely related species from the A. hirsuta aggregate, which normally exhibits a 129 preference for drier habitats such as calcareous grasslands (Hand & Gregor, 2006) . We further 130
show that restoration by hay-transfer has maintained and can even enhance local diversity. Our 131 analysis further shows that the use of a reference genome yields higher estimates of genetic 132 diversity, but does not affect the resolution of patterns of genetic variation within and between 133 sites, indicating that this approach can find broad applications in the field. Riedstadt in Hessen, Germany. The area is dominated by arable fields, but also contains 139 remnants of pristine flood meadow communities in low lying depressions that are submerged 140 by ascending groundwater during high floods of the River Rhine. Since ca. 20 years, new flood 141 meadow communities have been restored on ex-arable land using the transfer of green hay 142 from the pristine sites as donors to overcome significant dispersal limitation (Hölzel & Otte, 143 2003) . During this process, hay from different donor sites was placed in distinct yet adjacent 144 patches, making admixture possible. Since restoration is still ongoing, restored sites differ in age 145 (Table S1 ). 146
From previous monitoring of the sites we knew that populations that Arabis plants were not 147 present every year in all sites. Thus, we sampled in two consecutive years to maximize the 148 number of study sites. In the few sites sampled in both years, the genetic composition of the 149 samples was not markedly different across years, so samples from both years were bulked for 150 these sites (see Table S1 , Figure S1 ). We harvested seeds from a total of 134 plants of Arabis 151 nemorensis/sagittata in nine sites named from A to I, in order of collection. The presence of A. 152 sagitata was not previously reported in these sites and was thus unexpected. Although some 153 individuals showed the reduced stem leaf density and shorter siliques typical of A. sagittata, 154 these phenotypic criteria were not always clearly distinguishable in the field, especially at the 155 end of the season when siliques matured, so that the presence of the two species has remained 156 overlooked in previous studies (Burmeier, Eckstein, Donath, & Otte, 2011) . Species identity was 157 thus determined by post-hoc analysis, after the RAD-seq analysis revealed the presence of two 158 taxonomic units. 159
Four sites were sampled in pristine habitat (B, C, D and I) and five in restored habitat (A, E, F, G 160 and H, Figure 1 ). In site A two distinct stands of plants separated by about 100 m were sampled 161 and were treated as sub-sites A-1 and A-2 throughout this study. To produce material for DNA 162 extraction, we stratified seeds on wet filter paper for 6 days at 4°C in darkness. Afterwards we 163 sowed seeds in soil (33% VM, 33% ED-73, 33% Seramis (clay granules)). After 4 to 6 weeks of 164 growth in the greenhouse, we harvested about 200mg of leaf material from one offspring of 165 each wild parent (genotype). We homogenized freshly harvested leaf material using a Precellys 166
Evolution homogenizer (Bertin technologies) for 2x20 seconds at 6800 rpm. We extracted DNA 167 using the NucleoSpin Plant II Mini kit (Macherey-Nagel) following the manufacturer's 168 instructions. We verified DNA quality using gel-electrophoresis with a 0.8% agarose gel. We 169 measured DNA quantity using Qubit (broad-range kit) following manufacturer's instructions. We used FastQC (Andrews, 2010) to quality-check the resulting reads. We filtered the resulting 187 reads to remove reads shorter than 100bp and trimmed Illumina adapters using Cutadapt 188 (Martin, 2011) . We assembled reads using the ALLPATHS-LG assembler ( England Biolabs) for DNA digestion, ii) we ligated digested DNA with complementary adapters 231 containing one of ten different barcodes and a stretch of five random nucleotides, used for 232 post-hoc removal of PCR duplicates (Table S2) , iii) we created 14 pools of 10 barcoded samples 233 each in equal amounts, iv) we used indexed reverse primers for amplification, described in 234 (Peterson, Weber, Kay, Fisher, & Hoekstra, 2012), to allow multiplexing of pools. Libraries were 235 sequenced on two Illumina HiSeq 4000 lanes with 2x150bp. 236
We used FastQC (Andrews, 2010) to quality-check the resulting reads. We trimmed adapters 237 and removed reads shorter than 100bp using Cutadapt (Martin, 2011) . We removed PCR 238 duplicates based on a 5 bp stretch of random nucleotides at the end of the adapter, using the 239 clone_filter module of Stacks version 1.37 (Catchen, Hohenlohe, Bassham, Amores, & Cresko, 240 2013). We de-multiplexed samples using the process_radtags module from Stacks. We filtered 241 reads with ambiguous barcodes (allowed distance 2) and cut-sites, reads with uncalled bases 242 and low-quality reads (default threshold). 243
For reference-based genotyping, we mapped reads using BWA (Li & Durbin, 2009 ) with default 244 settings. We filtered mapped reads using SAMtools ) and custom python scripts 245 using the following criteria to remove reads: mapping quality < 30, number soft-clipped bases > 246 30; reads were unpaired; mates mapped on different chromosomes; mate mapping distance > 247 700. We called genotypes using SAMtools mpileup and VarScan2 (Koboldt et al., 2012) with the 248 following options: base quality > 20; re-calculation of base quality on the fly (-E option); read 249 depth > 14; strand filter de-activated; SNP calling p-value < 0.01. We filtered genotyped loci 250 using VCFtools (Danecek et al., 2011) and custom python scripts removing loci with missing data 251 in more than 5% of individuals and loci in masked (repetitive) regions. We clustered contiguous 252 loci spaced less than 100 bp apart into RAD-regions. Regions with excessively low or high 253 coverage are likely results of allele dropout or paralogous mapping, respectively. Thus, we 254 removed regions fulfilling one of the following criteria: mean coverage of the region greater 255 than twice the overall mean coverage; mean coverage of the region smaller than a third of the 256 overall mean coverage; region maximum coverage greater than twice the mean maximal 257 coverage over all regions; region shorter than 250bp; region longer than 1300bp. 258 After depth filtering we still found loci with a high frequency of heterozygotes (up to 100%), 259 which is unlikely in highly selfing species. Notably, in over 90% of these loci only one of the two 260 homozygous genotypes was observed. Moreover, these highly heterozygous loci clustered in 261 high density on single RAD-fragments. Thus, these loci likely resulted from paralogous mapping, 262 which passed the depth filter due to sequencing depth variation among RAD-regions. Therefore, 263
we removed RAD-regions containing loci with a frequency of heterozygotes greater than 20%. 264 This threshold was picked to limit the impact of noise from mapping artifacts while still allowing 265 for reasonable levels of heterozygosity, since some low-level outcrossing likely occurs. From the 266 resulting genotype dataset, we extracted single nucleotide polymorphisms (SNPs) using 267
VCFtools (Danecek et al., 2011) . 268
For de-novo-genotyping we used the Stacks 2.2 denovo_map.pl pipeline (Catchen et al., 2013) . 269
The aim of the de-novo analysis was to test whether one would reach similar results and 270 conclusions without the use of a reference genome. Thus, we performed this analysis without 271 knowledge about the two species (since we gained this from the reference-based analysis) and 272 ran Stacks for all samples combined. As recommended by the authors of the tool (Rochette &  273 Catchen, 2017), we first used a subset of 15 representative genotypes to tune the parameters (-274 M and -n) of the algorithm, which control the number of mismatches between stacks within (M) 275 and between (n) individuals. We varied M and n from 1 to 9. For each set of parameters, we 276 analysed the number of loci shared between 80% of the samples. This measure peaked at the 277 value six for M and n. Thus, we used this value for both parameters for the full analysis. We ran 278 the denovo_map.pl pipeline using 0.01 as the p-value threshold for calling genotypes and SNPs, 279 and otherwise default options. We used the populations program to create a VCF-file for further 280 analysis using the following filters: 5% maximum missing data per locus; 20% maximum 281 observed heterozygosity per locus; locus must be present in all sites. Based on the first principal component most individuals (83%) could be assigned to two distinct 296 taxonomic groups. We used molecular methods to assign species labels to the two taxonomic 297 groups. We sequenced the internal transcribed spacer (ITS) sequence of nine individuals, three 298 from the first (left) and five from the second (right) cluster and one located between the 299 clusters (Table S3 ). Primers for amplification were taken from (Mummenhoff, Franzke, & Koch, 300 1997) . We used the sequences as input to the taxonomy tool of the Brassibase website (Kiefer 301 et al., 2014) . Interpretation of the output required ploidy information. Leaf samples were 302 therefore collected from twelve individuals (seven putative A. sagittata, two putative A. 303 nemorensis, three putative hybrids; Table S4 ) and their ploidy determined by Plant Cytometry 304
Services (Didam, Netherlands). 305
We conducted all population genetic analysis separately for the two species. Individuals, which 306
were not assigned to any species, were likely interspecific hybrids and excluded from further 307 analysis. We used the pegas library to calculate within-site genetic diversity (Nei' we divided the average number of pairwise nucleotide differences among samples by the total 311 number of successfully genotyped bases, excluding all bases which failed any of our previously 312 described genotype filters (missing data, region heterozygosity, region depth and length). For 313 the de-novo pipeline we extracted the total number of genotyped bases from Stacks output. We 314 calculated correlation coefficients between reference-based and de-novo-based π estimates 315 using Pearson's method. We calculated pairwise FST (Nei, 1987) and genetic distance (Cavalli-316
Sforza & Edwards, 1967) between all pairs of sites using the hierfstat package (Goudet & 317 Jombart, 2015) . Negative FST values were set to zero. Differences of genetic distance and FST 318 among pristine and restored sites were tested using a Wilcoxon-rank-sum-test on pairwise 319 distance matrices. We tested for correlation between the distance matrices of the reference 320 and de novo datasets using a Mantel test with 10000 permutations. 321
Admixture analysis

322
For ADMIXTURE analysis (Alexander, Novembre, & Lange, 2009), we converted VCF-files to bed-323 files using PLINK (Purcell, 2009; Purcell et al., 2007) . First, we conducted ADMIXTURE analysis 324 for all samples combined for K=1 to K=10 (reference-pipeline only). Then for each of the species 325 and pipeline (reference/de novo), we ran ADMIXTURE analysis for K=2 to K=10, with 10 326 iterations of cross-validation each. Before plotting, we normalized clusters across runs using 327 CLUMPAK (Kopelman, Mayzel, Jakobsson, Rosenberg, & Mayrose, 2015). We created plots using 328 a custom R-script. 329
Results
330
RAD-sequencing uncovers two hybridizing species
331
Unless otherwise stated, all described results were obtained using the reference-based pipeline. 332
We genotyped 134 individuals from 10 sites -4 pristine and 6 restored ( (Table S3 ), we identified one taxonomic 340 unit as Arabis nemorensis ( Figure S2 ). The ITS region of individuals from the other taxonomic 341 unit was highly similar to A. sagittata and Arabis hirsuta ( Figure S3 ). Both are sibling species 342 from the A. hirsuta complex, but A. hirsuta is tetraploid and A. sagittata diploid. Since all twelve 343 tested samples were diploid (Table S4 ), we conclude that the second cluster most likely 344 corresponds to A. sagittata. Average genetic distance (dXY) between A. nemorensis and A. 345 sagittata was 8.1e-03, i.e. 8 fixed SNP differences for 1000 bp. 346
Twenty-three individuals showed a positioning along the first PC that was intermediate between 347
the two clusters, suggesting they were interspecific hybrids. Most of these hybrids were closer 348 to A. sagittata on the first PC. Since sterile F1-hybrids should be located exactly in the middle 349 between the two species, this suggests that they are somewhat fertile and preferentially back- varied up to two-fold among sites, ranging from 6.6e-05 in A-2 to 1.4e-04 in A-1 (Figure 3Fehler!  377 Verweisquelle konnte nicht gefunden werden., left; Table S5 ). Total diversity was 1.5e-04. 378
However, pristine and restored sites did not differ significantly in their level of diversity (mean 379 difference= +10% in restored; W = 4, p = 1). 380
The A. sagittata dataset consisted of 6366 SNPs. Total genetic diversity in A. sagittata was about 381 three times as high as in A. nemorensis. Yet, in contrast to A. nemorensis, genetic diversity 382 differed strongly among sites, ranging from 1.03e-06 in site I to 4.26e-04 in site E ( Figure  383 3Fehler! Verweisquelle konnte nicht gefunden werden., right; Table S5 ). Notably, genetic 384 diversity was low in two of three pristine sites. In contrast, we found high levels of diversity in all 385 restored sites, except site F. However, the overall difference between pristine and restored sites 386 was not significant (mean difference= +163% in restored sites; W=13, p=0.14). 387
Since hybridization potentially enables gene flow between the two species we also compared 388 levels of genetic diversity for both species combined, including the hybrids. Overall genetic 389 diversity increased by an order of magnitude and mixed sites were more diverse than mostly 390 pure sites, as would be expected ( Figure S5 ). Again, restored sites did not show significantly 391 different levels of genetic diversity from pristine sites (mean difference= +22%; W=13, p=0.91). 392 393 
396
Restoration reduces population structure and facilitates recombination
397
To quantify the degree of population structure, we estimated genetic distance and 398 differentiation (FST) among all pairs of sites (Table S6 ). Genetic distance among A. nemorensis 399 sites ranged from 0.03 to 0.31 and FST estimates from 0 to 0.5 (Figure 4 , A+C). Population 400 structure was slightly more pronounced among pristine sites than restored sites: Mean genetic 401 distance was 0.26 among pristine sites and 0.13 among restored sites (W=17, p=0.047); mean 402 FST was 0.37 among pristine sites and 0.25 among restored sites (W=14, p=0.26). 403
In A. sagittata, genetic distance ranged from 0.32 to 0.34 and FST estimates from 0 to 0.91 404 (Figure 4, B+D) . The difference in population structure between pristine and restored sites was 405 stronger than in A. nemorensis: mean genetic distance was 0.33 among pristine sites and 0.12 406 among restored sites (W=45, p=0.002); mean FST was 0.81 among pristine sites and 0. 
417
Reduced differentiation among restored sites suggests that genetic material of pristine sites was 418 mixed in restored sites. To visualize this in more detail, we conducted ADMIXTURE analysis for 419 each species. This analysis assumes a given number (K) of genetic clusters (ancestral 420 populations) and assigns cluster ancestry proportions to each individual, allowing for mixed 421 ancestry. For A. sagittata, K=6 was estimated as the optimal value ( Figure 5 ). Up to K=4, the 422 three pristine sites consisted of three distinct genetic clusters, which were mixed in all but one 423 of the restored sites. For higher values of K, pristine population B consisted in two clusters, with 424 pure and admixed individuals in equal proportions, in agreement with the higher genetic 425 diversity observed at this site. All individuals from other pristine sites had pure ancestry from a 426 single cluster per population. 427
For A. nemorensis, K=7 was estimated as the optimal value for clustering ( Figure 5 ). In contrast 428 to A. sagittata, we found individuals with different or mixed ancestry within populations of A. 429 nemorensis, even at low values of K, indicating more genetic mixture than in A. sagittata. Since 430 genetic structure was less pronounced for A. nemorensis, the restoration procedure did not 431 impact the genetic distribution of this species, by contrast with A. sagittata. 432 De-novo-and reference-based summary statistics reach the same conclusion 441 Finally, we tested whether a reference genome is required to determine the impact of 442 restoration on genetic diversity by comparing results from a reference-based and a de novo 443 pipeline. We found that estimates of genetic diversity, genetic distance or FST yielded by the two 444 methods were highly correlated, with all correlation coefficients being greater than 0.95 445 (maximum p < 0.001, Figure 6 ). However, we observed that estimates of genetic diversity 446 generated without a reference genome were deflated, especially for high diversity sites (Figure  447 6), by a median factor of 0.83 for A. nemorensis and 0.36 for A. sagittata. Estimates of genetic 448 distance were underestimated by a median factor of 0.61 in both species. Interestingly, 449 however, both pipelines yielded almost identical estimates of FST (median factor of 0.93) and 450 revealed a very similar extent of admixture between sites ( Figures S6-7) . Moreover, the 451 presence of the two species and their hybrids was detected with both methods (Figure 2  452 middle). We concluded that, in this study, the use of a reference genome was not required to 453 determine the impact of restoration on genetic diversity. Since the two pipelines coincide, we 454 could further conclude that the distribution of variation in two species and across pristine and 455 restored sites reported above is not the result of possible mapping biases to the reference 456 genome. 457 assembly. Conversely, this also allowed verifying that the use of an A. nemorensis reference 474 genome to map A. sagittata samples did not bias the outcome of our study. The results from 475 both pipelines were highly correlated. Thus, comparative analysis of sites was reliable with both 476 pipelines. However, the de-novo-pipeline (Stacks, Catchen et al., 2013) underestimated the 477 amount of genetic diversity compared to the reference-based pipeline. This is in contrast to a 478 previous study comparing different RAD-seq pipelines (Shafer et al., 2016) , where Stacks 479 produced slightly inflated estimates compared to reference-based pipelines. However, in the 480 same study, other de novo pipelines produced substantially lower estimates of genetic diversity 481 (Shafer et al., 2016) . Thus, the magnitude of genetic diversity estimates might depend on the 482 study system and pipelines/parameters used, and caution is advised when comparing these 483 estimates across studies. 484
In contrast, both pipelines agreed for analyses comparing diversity between species or sites (e.g. 485 FST, ADMIXTURE). Thus, we conclude that RAD-seq is an efficient tool to characterize the 486 distribution of diversity, even in the absence of a reference genome. We therefore hope that 487 this study will pave the way for exploring how species, with diverse life-history and 488 uncharacterized genomes, will be maintained after hay transfer or how modalities of hay 489 transfer affects not only single species but the balance between multiple species in the 490 community. 491
First documented presence of A. sagittata in floodplain meadow habitat
492
We detected two independent genetic clusters. Based on ITS sequences, ecological preference 493 and morphological descriptors, the first one appears to represent bona fide A. nemorensis 494 individuals. Taxonomic boundaries in the Arabis hirsuta clade can be tenuous, yet ITS sequence 495 differences between the two clusters strongly suggests that they belong to distinct species (Karl 496 & Koch, 2014) . ITS sequences, ploidy level and morphological evidence collectively indicated 497 that individuals in the second genetic cluster are likely to belong to Arabis sagittata. Species 498 barriers are often incomplete, and patterns of divergence between closely related species of the 499 same genus can be strongly intertwined. Population genomics approaches and wider sampling 500 will be needed to consolidate our understanding of the A. sagittata taxonomic group and its 501 historical relationship with the A. nemorensis taxon. Population genomics can indeed yield 502 detailed view on the process and history of speciation in plant genera (see e.g. Novikova et al., 503 2016) . 504
We did not anticipate the presence of the A. sagittata in flood-plain habitats because it is 505 predominantly found in warm and dry habitats (Hand & Gregor, 2006) . However, agricultural 506 land-use and flood regulation have considerably modified the flood-plain ecosystem: flooding is 507 contained by a dyke and the ground water level has decreased (Hölzel & Otte, 2001) . Man-made 508 modifications of the environment can change selection regimes and facilitate the establishment 509 of non-native species (Byers, 2002; Crooks, Chang, & Ruiz, 2011; Fukasawa, Miyashita, 510 Hashimoto, Tatara, & Abe, 2013; Tyrrell & Byers, 2007) . Thus, it is possible that the migration of 511 A. sagittata into the flood-plain ecosystem was facilitated by the decreased frequency and 512 severity of flooding caused by human river regulation. We want to stress that the species co-513 occurred both in pristine and restored sites. Thus, the contact between the species was not 514 caused by the restoration efforts. In fact, we observed that A. sagittata is more frequent than A. 515 nemorensis in our sample, which raises the concern that this species may be in the process of 516 displacing A. nemorensis. This trend could be enhanced by climate change, which may lead to 517 conditions that further favor the xero-thermophylic A. sagittata. Additionally, if A. sagittata is 518 often mistaken for A. nemorensis in flora reports on flood-plain environments, the remaining A. 519 nemorensis population in Central Europe might be even smaller than is currently assumed. 520
521
The parallel transfer of two sympatric relatives shows that hay transfer maintains genetic Smith, 2010). The latter is probably the main reason, why it is increasingly used in in ecological 529 restoration (Kiehl et al., 2014) . The aim of this study was to characterize the level of diversity in 530 the pristine source sites and document the impact of hay-transfer on the genetic diversity in 531 restored sites. Although our initial plan was to focus on A. nemorensis, a typical representative 532 of species-rich floodplain meadows, the unanticipated presence of A. sagittata in our sample 533 allowed us to compare the genetic effects of restoration by hay-transfer on the two species. 534
Several years after restoration, we did not find a significant difference in genetic diversity 535 between pristine and restored sites for either of the two species. Thus, the hay-transfer method 536 can restore populations with levels of diversity indistinguishable from the source populations in 537 the long-term. Our findings are in agreement with studies on population life-stage structure and 538 dynamics comparing pristine and restored sites of A. nemorensis/A. sagittata in the same region 539 (Burmeier et al., 2011) . This outcome is particularly remarkable given that A. nemorensis has a 540 long-term seed bank, with up to 25,000 germinable seeds*m -2 , which was not transferred to 541 restored sites (Burmeier et al., 2011) . Although species for which the genetic diversity present in 542 the seed bank tends to differ more strongly from the above ground diversity may fare 543 differently after hay-transfer, we note that populations restored with alternative methods, e.g. Genetic diversity within our species was similar to that reported for Arabis alpina populations in 557
Scandinavia (Laenen et al., 2018) . As in our study, these populations are selfing and located on 558 the margin of the species' range (Jalas & Suominen, 1994) , two factors often coinciding with 559 lower levels of genetic diversity. Since populations with low genetic diversity may suffer from 560 increased genetic load and decreased adaptive potential, the transfer of non-local material is 561 often envisaged to preserve endangered species ( . As a compromise, a strategy of 566 mixing regional seeds was recently proposed (Bucharova et al., 2018) . Our results show that this 567 strategy was incidentally implemented in the examined restoration effort: ADMXITURE analysis 568 showed that pristine A. sagittata sites are dominated by one or two ancestral groups, with very 569 low genetic diversity within each group. Yet, in some of the restored sites, admixture of low 570 diversity A. sagittata groups took place, leading to a strong increase in genetic diversity and 571 decrease in population structure. ADMIXTURE analysis also revealed that this led to genetic 572 recombination in A. sagittata, possibly increasing the adaptive potential of restored sites in this 573 species. Increased genetic connectivity between populations has indeed been shown to help 574 maintain or even increase genetic diversity in the long term (DiLeo, Rico, Boehmer, & Wagner, 575 2017). Fitness assays of recombined A. sagittata genotypes are needed to verify whether this 576 local admixture has reinforced the establishment of this species in restored floodplain 577 meadows. 578 579 Interestingly, we find less pronounced population structure in pristine sites of A. nemorensis 580 than in A. sagittata, suggesting that a higher level of gene flow helps maintain diversity within 581 pristine sites. The restoration of this species will therefore not directly benefit from post-582 transfer admixture. More so, our results suggest that it is possible that A. nemorensis is at 583 increased disadvantage in restored habitats, if admixture and resulting recombination were to 584 favor the emergence of more competitive genotypes were to evolve in A. sagittata thanks to 585 admixture. 586
The coexistence of these species in the Rhine floodplain ecosystem will be further impacted by 587 the ongoing hybridization dynamic that our analysis uncovers for the first time in this system 588 and which occurred independently of the restoration effort. A. nemorensis could receive alleles 589 conferring drought-adaptation from the xero-thermophilic A. sagittata that may enhance its 590 ability to cope with increased drought exposure in its habitat. The genomic composition of the 591 hybrids, however, also indicates that hybrids back-cross preferentially with A. sagittata. Gene-592 flow from A. nemorensis could facilitate adaptation of A. sagittata to the flood-plain 593 environment. Such adaptive introgressions could also potentially accelerate the extinction of A. Clearly, genetic analysis helps with species identification as sibling species can be difficult to 601 distinguish morphologically even for specialists. A unique feature of hay-transfer restoration 602 approaches is that the whole plant community can be transplanted. It is therefore particularly 603 important to determine the composition of the source populations to limit the spread of non-604 target species (Bickford et al., 2007) . Our study demonstrates that hay-transfer has maintained 605 genetic diversity in restored populations. However, we also note that it may have inadvertently 606 contributed to increase the genetic diversity and adaptive potential of only one of the two 607 species, due to differences in the genetic makeup of the donor populations. This might lead to a 608 competitive advantage of one over the other species in the long term, potentially disturbing the 609 balance in the community. On the one hand this shows that restoration by hay-transfer can 610 indeed enhance the adaptive potential, which is especially important in the face of a rapid 611 climate change. On the other hand, this also highlights that understanding the underlying 612 genetics of the community to be transferred is a pre-requisite for the design of restoration 613 strategies that promote the maintenance of both endangered ecosystems and endangered 614
species. 615
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